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LATERAL TWO-TERMINAL NANOTUBE
DEVICES AND METHOD FOR THEIR
FORMATION

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority under35 U.S.C. §119(e) of
U.S. Provisional Patent Application Ser. No. 60/975,634,
filed on Sep. 27, 2007. The subject matter of the earlier filed
application 1s hereby incorporated by reference.

This 1invention was made with United States Government
support under Contract No. H9823004C0448 awarded by the
National Security Agency and under Contract No.
DMR05204771 awarded by the National Science Foundation.

The United States Government has certain rights in this
invention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an apparatus, system, and
method for lateral two-terminal nanotube devices. More par-
ticularly, the present invention relates to an apparatus, system,
and method for providing lateral two-terminal nanotube
devices configured to capture and generate energy, to store
clectrical energy, and to mtegrate these functions with power
management circuitry.

2. Description of the Related Art

The limitations of conventional devices for energy capture
and storage are well known. In semiconductor p-n junction
solar cells, planar device layers typically create only a single
depletion layer over the surface to separate photo-induced
carriers. As a result, each substrate of a semiconductor p-n
junction solar cell can be limited to only a single active layer.
Furthermore, some of the semiconductor material can absorb
light, producing excitations outside a depletion range. This
can prevent the separation of positive and negative charges
and the collection of harvested light energy.

Currently, alternate solar cell structures are being explored
that utilize nanocomposite structures that mix nanoparticles,
such as C-60 or carbon nanotubes, with organic materials
having random spatial distributions on a nanoscale. These
nanocomposite structures can provide a high density of inter-
faces between the component materials, effectively enhanc-
ing the active regions, analogous to depletion regions 1n p-n
junction semiconductor structures, where charge separation
can OcCcur.

However, the nanoscale randomness of the component
materials can impede etficient collection of charges at micro-
or macro-scale external contacts where charge should be pro-
duced, for example, through high electrical resistance
through which the charge reaches the contacts. Additionally,
these materials, such as conducting polymers, can have rela-
tively high resistivity, further diminishing the efficiency of
charge collection at the external contacts.

Furthermore, the limitations of conventional capacitor and
battery devices are also well known. Charge storage devices
can exhibit stmilar limitations experienced by conventional
solar cell devices discussed above. Electrostatic capacitors
that store charge at the surface of electrodes typically do not
achieve high areal densities of the electrodes. Electrochemi-
cal supercapacitors and batteries that store charge inside their
active surfaces and at the surface also can experience similar
limitations experienced by conventional solar cell devices
discussed above. While sub-surface charge storage can
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2

enhance energy density, 1on/charge transport into these mate-
rials can limit available power.

A number ol nanostructures have been explored to improve
the power and energy density of conventional solar cell
devices and conventional capacitor and battery devices, pri-
marily exploiting higher surface area densities per unit vol-
ume of material used 1n these devices. For example, a high
density of nanowires on a surface can substantially enhance
the surface area available, producing higher charge density
per unit planar area. Furthermore, nanowire and nanotube
structures can present shortened pathways for 1on transport
into the surface, thereby increasing power density. These
advancements 1n technology promise improvements 1in
energy devices, particularly if nanostructures can be formed
with suflicient control at the nanoscale to realize functioning
and reliable aggregation of massive arrays of nanostructures
into larger working devices addressed at the macro- or micro-
scale external contacts.

Nanotechnology provides new options for meeting these
requirements, particularly using self-assembly phenomena
and self-alignment to build more complex nanodevices from
simpler nanostructures. For example, anodic aluminum oxide
(AAQO) can achieve highly regular arrays of nanopores
through specific recipes for anodic oxidation of aluminum.
Nanopores in AAO may have uniform size and spacing in a
hexagonal pattern.

FIG. 1 1s a scanning electron micrograph of conventional
anodic aluminum oxide nanopore arrays. As illustrated 1n
FIG. 11 atop view (a) and a side view (b) of the conventional
anodic aluminum oxide nanopore arrays, tops of nanopores 1
and 2 each can provide access to narrow columns 3 that can
include high aspect ratio nanopore structures. AAO nanop-
ores can be prepared with diameters from 15 to 300 nm,
depending on the choice of electrochemical conditions and
sequences used during anodization. For nanopores approxi-
mately 70 nm 1n diameter, their center-to-center spacing can
be 1 the order 100 nm. Since the nanopores may be formed to
tens of millimeters i depth, very large aspect ratios (depth/
diameter) as high as 1000 can be achievable. Furthermore, the
density of nanopores, for example 10'°/cm?, can ensure very
large active surface areas per unit area. Typically, this area
enhancement can be as high as approximately 500x planar
area. Since wet processing can be used, costs associated with
vacuum and gas handling technologies can be avoided, and
manufacturing costs could be modest. Thus, AAO can pro-
vide a cheap and attractive platform for high density nano-
structures and devices made from them. A particular advan-
tage oI AAO nanostructures can be that massive arrays can be
tabricated with a high degree of control over their shape and
spatial relationship, including their depth, width, and vertical
shape (all controlled by anodization conditions). The regular-
ity which results 1s ultimately of major value for manufactur-
ability, providing predictability for properties for the tull
array. The nanopore arrays can have dimensions comparable
to that produced by costly, sophisticated lithography and
etching processes 1n the formation of dynamic random access
memory capacitors. However, natural self-assembly from the
anodization process itself produces the structures without
need for such complex manufacturing steps.

Deposition techniques capable of introducing materials for
clectrical devices into very high aspect ratio nanopores are
limited. Physical techniques, such as evaporation and sputter
deposition, cannot sufliciently penetrate deeply into the
pores, but chemical methods are suitable. Electrochemical
deposition, carried out 1n electrolytic solutions, can success-
tully cope with the high aspect ratio because electric fields are
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established between a bottom region of the pore and a
counter-electrode removed from the pore in the electrolyte.

FI1G. 2 1s a schematic view of conventional anodic alumi-
num oxide nanopores used to create coaxial nanowires. In
particular, FIG. 2 illustrates coaxial nanowires formed in
AAQO nanopores by electro-deposition, including active stor-
age material 1 at the center (MnO,) surrounded by conduct-
ing polymer material 2 (PEDOT) to transport charge eifi-
ciently to all portions ot the MnO., charge storage electrode.
AAO template material 3 can remain near the bottom of the
nanowires to retain the array structure, but can be removed
above 4 to expose maximum surface area of the nanowires.

Chemical vapor deposition (CVD) 1s the dominant method
for introducing materials ito deep, high aspect ratio pores 1n
semiconductor technology, forming the basis for manufactur-
ing of dynamic random access memory capacitors. As semi-
conductor device technology has faced even more stringent
demands for filling narrower, higher aspect ratio pores or
trenches, ALD has emerged with unprecedented ability to
coat ultra-thin layers of material uniformly 1n very narrow,
very high aspect ratio, 50-100 or more, structures. A close
relative of CVD, ALD can utilize self-limiting adsorption and
reaction of CVD precursor molecules 1n alternating
sequences to achieve uniform atomic layer thicknesses deep
into the nanopores. Thus, ALD can be an 1deal candidate for
fabrication of AAO-based electrical nanodevices.

At the same time, the high conformality of ALD has its
limitations. Higher doses of ALD gases are required for each
atomic layer to coat deeper regions of the nanopore. Thus,
ALD process recipes can be chosen to fully coat nanopore
sidewalls and bottom regions, or alternatively, to coat the
sidewalls to a specific depth short of the bottom of the nan-
opore. This feature offers major advantages 1n some device
configurations 1n allowing an external contact made at one
end of the nanopore to electrically connect to only one mate-
rial.

FIG. 3 1s a transmission electron micrograph illustrating a
conventional nanotube created within and release from an
aluminum oxide nanopore. FIG. 3 further 1llustrates a nano-
tube made by ALD H1IO,, deposition into an AAO nanopore
template and subsequent removal of the AAO matenal to
allow the resulting ALLD nanotube to be observed 1n transmis-
sion electron microscopy. Darker portions 1 in the images
indicate the outer and 1inner diameter at the ALD nanotube
sides, while lighter portions 2 therebetween reflect attenua-
tion by the walls of the top and bottom regions.

The combination of self-assembled AAO nanopores and
self-aligned, self-limiting ALD can enable the fabrication of
energy devices within the AAO nanopores. Using vertical
nanopores that are formed by anodic oxidation of an alumi-
num thick film, metal-insulator-metal (MIM) electrostatic
capacitors have been fabricated, as described by Banerjee et
al. (Nature Nanotechnology, submitted for publication).

FIGS. 4a, 4b, and 4¢ each 1llustrate the investigated MIM
structure 1vestigated. In particular, FIG. 4a 1s a schematic
view ol a conventional metal-insulator-metal nanocapacitor
structure fabricated by multiple atomic layer deposition steps
in anodic aluminum oxide nanopores. As seen 1n the sche-
matic of FIG. 4a, anodic oxidation of aluminum 1 can cause
formation of aluminum oxide Al,O, 2 with deep pores on
whose surfaces a sequence of ALD layers can be deposited to
create MIM device structure 3. The detailed structure of MIM
layers 1s seen by scanning electron microscopy in FIGS. 456
and 4c¢ for regions at the top and bottom of the nanopores,
respectively. The pore diameter was 60 nm, the bottom TiN
clectrode thickness was 5.6 nm, the Al,O, dielectric thickness
was 6.6 nm, and the top TiN electrode thickness was 12.6 nm,
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4

nearly filling the nanopore. It should be noted that layer
thicknesses could be readily adjusted to fully fill the nanopore
or instead to leave internal volume. The pore depth for the
structures shown 1n FIGS. 4a, 45, and 4c¢ was 1 mm.

Further, Banerjee, et al. investigated MIM nanocapacitor
arrays for both 1 and 10 um pore depths, forming capacitors
whose macroscopic external contacts to the TiN ALD layers
in the MIM structure were made above the nanopores and to
the underlying aluminum below the nanopores. Capacitors
with 0.01267 mm~ area (about 0.1 mm in diameter) connected
approximately 10° nanocapacitor structures like those in
FIGS. 4a, 4b, and 4c¢ 1n parallel and indicated capacitance
densities of 9 and 90 puF/cm?, respectively. This corresponds
to an energy density of order 0.7 W-h/kg, placing the perior-
mance of these devices well above the energy density of
conventional electrostatic capacitors, while retaining compa-
rable power. While further work 1s needed to improve leakage
current levels and to address other 1ssues, this work on verti-
cal capacitor devices demonstrates the high potential of com-
bining AAO and ALD technologies to create nanostructures
optimized for energy device applications.

The drawbacks of such vertical nanodevice structures are
(1) their difficulty 1n their fabrication and (2) the challenge of
scaling to higher performance. High quality nanopore arrays
can require relatively thick films of aluminum, micrometers
in depth to obtain controlled dimensionalities as seen 1n FIG.
1. Furthermore, patterning of nanopore arrays and devices to
construct micro- and macro-scale devices for external con-
tacts can require a sequence ol conventional device fabrica-
tion steps normally performed on semiconductor walers or
other flat substrates. The thick aluminum films required could
necessitate very long deposition times 1f formed by thin film
deposition. Instead, Banerjee et al. developed an anodic
bonding technique for bonding the nitial aluminum film to a
substrate to facilitate subsequent device fabrication steps, for
example, making test capacitors. These problems increase 1f
nanopore depths are to be scaled more aggressively for higher
performance devices, for example, deeper nanopores. Given
the difficulty in creating thick aluminum starting films for
vertical nanopores, one may recognize that the vertical tech-
nology does not scale to multiple layers on top of each other,
as would be desired to increase capacitance density or other
energy-related functionality. This also could preclude con-
struction of heterogeneous integrated systems, for example,
combining solar or thermoelectric energy capture or genera-
tion with electrical energy storage.

Accordingly, what 1s needed are an apparatus, system, and
method for a lateral two-terminal nanotube device configured
to capture and generate energy, to store electrical energy, and
to 1ntegrate these functions with power management cir-
cultry.

Furthermore, an apparatus, system, and method are needed
for lateral two-terminal nanotube devices that utilize nano-
structures having nanopores formed by anodic oxidation of
aluminum, and thin films deposited by atomic layer deposi-
tion and electrochemical deposition to form devices in the
nanopores. Further, what 1s needed are an apparatus, system,
and method where the nanostructures are coupled to one
another to form larger assemblies suitable for power and
energy systems.

Furthermore, an apparatus, system and method are needed
for lateral two-terminal nanotube devices for capture, genera-
tion and storage of energy based on multi-component mate-
rials contained within lateral nanoscale pores in aluminum
oxide or another dielectric material. Further, what 1s needed
are an apparatus, system, and method where a plurality of
lateral two-terminal nanotube devices are wired 1n parallel to
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capture energy from light, either solar or ambient, and to
generate energy from temperature gradients sensed by ther-

moelectric devices.

Furthermore, what 1s needed are an apparatus, system, and
method for electrostatic capacitors, electrochemical capaci-
tors, and batteries for energy storage, whereby device layers
for energy capture, generation, or storage, can be combined
one on top of another or laterally to provide enhanced tunc-
tionality, imncluding energy and power management systems
and electrical power management circuitry with components
for capture, generation, storage and distribution.

No prior arrangements have provided an apparatus, sys-
tem, and method for a lateral two-terminal nanotube device
configured to capture and generate energy, to store electrical
energy, and to integrate these functions with power manage-
ment circuitry.

SUMMARY OF THE INVENTION

In accordance with an embodiment of the present mven-
tion, there 1s provided a lateral nanotube device. The lateral
nanotube device can include a substrate, an anodic oxide
material disposed on the substrate, and a column disposed in
the anodic oxide material extending from one distal end of the
anodic oxide material to another end of the anodic oxide
material. The lateral nanotube device further can include a
first material disposed within the column, and a second mate-
rial disposed within the column. The first material can fill a
distal end of the column and gradiently decrease towards
another distal end of the column along mnner walls of the
column. The second material can fill the another distal end of
the column and gradiently decrease towards the distal end of
the column within the first material.

In accordance with an embodiment of the present mven-
tion, there i1s provided an apparatus. The apparatus can
include a substrate, an anodic oxide material disposed on the
substrate, and a plurality of columns. Each column can be
disposed 1n the anodic oxide material extending from one
distal end of the anodic oxide material to another end of the
anodic oxide material. The apparatus further can include a
first material disposed within each column, and a second
material disposed within each column. The first matenal can
f1ll a distal end of each column and gradiently decrease
towards another distal end of each column along inner walls
of each column. The second maternial can fill the another distal
end of each column and gradiently decrease towards the distal
end of each column within the first material.

In accordance with an, embodiment of the present mven-
tion, there 1s provided a lateral nanotube device. The lateral
nanotube device can include a substrate, an anodic oxide
material disposed on the substrate, and a column disposed in
the anodic oxide material extending from one distal end of the
anodic oxide material to another end of the anodic oxide
material. The lateral nanotube device further can include a
first material disposed within the column, and a second mate-
rial disposed within the column. The lateral nanotube device
turther can include a third material disposed between the first
material and the second material. The first material can fill a
distal end of the column and gradiently decrease towards
another distal end of the column along mnner walls of the
column. The second material can fill the another distal end of
the column and gradiently decrease towards the distal end of
the column within the first material.

In accordance with an embodiment of the present mven-
tion, there 1s provided a system. The system can include a
plurality of lateral nanotube devices configured one on top of
cach other. Each lateral nanotube device can include a sub-
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strate, an anodic oxide material disposed on the substrate, and
a column disposed in the anodic oxide material extending
from one distal end of the anodic oxide material to another
end of the anodic oxide material. Each lateral nanotube
device further can include a first material disposed within the
column, and a second material disposed within the column.
The first material can fill a distal end of the column and
gradiently decrease towards another distal end of the column
along 1inner walls of the column. The second material can fill
the another distal end of the column and gradiently decrease
towards the distal end of the column within the first matenial.

According still to another embodiment of the present
invention, there 1s provided a system. The system can include
a plurality of lateral nanotube devices configured one on top
of each other. Each lateral nanotube device can include a
substrate, an anodic oxide material disposed on the substrate,
and a column disposed 1n the anodic oxide maternal extending
from one distal end of the anodic oxide material to another
end of the anodic oxide material. Each lateral nanotube
device further can include a first material disposed within the
column, and a second material disposed within the column. A
third material can be disposed between the first material and
the second material. The first material can fill a distal end of
the column and gradiently decrease towards another distal
end of the column along inner walls of the column. The
second material can {ill the another distal end of the column
and gradiently decrease towards the distal end of the column
within the first material.

According still to another embodiment of the present
invention, there 1s provided a system. The system can include
a first lateral nanotube device including an energy storage
device, and a second lateral nanotube device including an
energy capture device. The first lateral nanotube device and
the second lateral nanotube device can be configured one on
top of the other to capture and store energy.

According still to another embodiment of the present
invention, there 1s provided a method. The method can
include the steps for etching a passivation layer and an alu-
minum layer disposed on a substrate to expose portions of the
aluminum layer, and forming a pore at each distal end of an
exposed portion of the aluminum layer such that the pores
connect to form a single columnar pore. The method further
can include the steps for depositing a first material into a distal
end of the columnar pore, and depositing a second material
into another distal end of the columnar pore. The depositing
the first material can include filling the distal end of the
columnar pore with the first material and gradiently decreas-
ing towards the another distal end of the columnar pore along
inner walls of the columnar pore. The depositing the second
material further can include filling the another distal end of
the columnar pore with the second material and gradiently
decreasing towards the distal end of the columnar pore within
the first material.

According still to another embodiment of the present
invention, there 1s provided a method. The method can
include the steps for etching a passivation layer and an alu-
minum layer disposed on a substrate to expose a portion of the
aluminum layer, forming a first pore in the exposed portion of
the aluminum layer, and depositing a first maternial into the
first pore. The method further can include the steps for etching
the passivation layer and the aluminum layer to expose
another portion of the aluminum layer, and forming a second
pore 1n the another exposed portion of the aluminum layer
such that the first pore and the second pore connect to form a
single columnar pore. The method further can include the
steps for depositing a second material into the second pore.
The depositing the first material can include filling the distal
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end of the columnar pore with the first matenal and gradiently
decreasing towards the another distal end of the columnar
pore along inner walls of the columnar pore. The depositing,
the second material further can include filling the another
distal end of the columnar pore with the second maternal and
gradiently decreasing towards the distal end of the columnar
pore within the first material.

According still to another embodiment of the present
invention, there 1s provided a method. The method can
include the steps for etching a passivation layer and an alu-
minum layer disposed on a substrate to expose portions of the
aluminum layer, connecting a first wiring structure at a distal
end of an exposed portion of the aluminum layer, and forming
a pore at each distal end of an exposed portion of the alumi-
num layer using the first wiring structure such that the pores
connect to form a single columnar pore. A column can be
tormed between the pores 1n the aluminum layer. The method
turther can include steps for removing the first wiring struc-
ture, depositing a first material into a distal end of the colum-
nar pore, and depositing a second material into another distal
end of the columnar pore. The depositing the first material can
include filling the distal end of the columnar pore with the first
maternal and gradiently decreasing towards the another distal
end of the columnar pore along imnner walls of the columnar
pore. The depositing the second maternial can include filling
the another distal end of the columnar pore with the second
material and gradiently decreasing towards the distal end of
the columnar pore within the first material.

According still to another embodiment of the present
invention, there 1s provided a method. The method can
include the steps for etching a passivation layer and an alu-
minum layer disposed on a substrate to expose portions of the
aluminum layer, and connecting a first wiring structure to the
aluminum layer at a position other than a distal end of the
exposed portions of the aluminum layer. The method further
can include the steps for forming a pore at each distal end of
an exposed portion of the aluminum layer such that each pore
extends to a region close to the position of the first wiring
structure connection, and forming a connection between each
pore and the first wiring structure, such that the connection
forms a columnar pore 1n the aluminum layer. The method
turther can include the steps for depositing a first material into
a distal end of the columnar pore, and depositing a second
material into another distal end of the columnar pore. The first
material can fill the distal end of the columnar pore and
gradiently decreases towards the another distal end of the

columnar pore along inner walls of the columnar pore. The
second material can fill the another distal end of the columnar

pore and gradiently decreases towards the distal end of the
columnar pore within the first matenal.

BRIEF DESCRIPTION OF THE DRAWINGS

Further aspects, details, advantages and modifications of
the present invention will become apparent from the follow-
ing detailed description of the preferred embodiments which
1s to be taken 1n conjunction with the accompanying draw-
ings, in which:

FIG. 1 1s a scanning electron micrograph of conventional
anodic aluminum oxide nanopore arrays.

FIG. 2 1s a schematic view of conventional anodic alumi-
num oxide nanopores used to create coaxial nanowires.

FIG. 3 1s a transmission electron micrograph illustrating a
conventional nanotube created within and release from an
aluminum oxide nanopore.
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FIG. 4a 1s a schematic view of a conventional metal-insu-
lator-metal nanocapacitor structure fabricated by multiple

atomic layer deposition steps in anodic aluminum oxide nan-
Opores.

FIG. 4b 15 a scanning electron micrograph of the conven-
tional metal-insulator-metal nanocapacitor structure illus-
trated 1n FIG. 4a.

FIG. 4¢ 1s another scanning electron micrograph of the
conventional metal-insulator-metal nanocapacitor structure
illustrated in FIG. 4a.

FIG. 5a 1s a schematic view of conventional process for
growing lateral nanopores in anodic aluminum oxide.

FIG. 56 1s a scanning electron micrograph of the conven-
tional process for growing the lateral nanopores 1n the anodic
aluminum oxide illustrated 1n FIG. 3a.

FIG. 6a 1s schematic view of a lateral two-terminal nano-
tube device, 1n accordance with an embodiment of the present
invention.

FIG. 6b 15 an exploded view of a nanopore device layer of
the lateral two-terminal nanotube device, in accordance with
an embodiment of the present invention.

FIG. 7a 1s a representative geometry for materials within a
solar cell nanodevice, 1n accordance with an embodiment of
the present invention.

FIG. 75 1s another representative geometry for materials
within the solar cell nanodevice, in accordance with an
embodiment of the present invention.

FIG. 7¢ 1s another representative geometry for matenals
within the solar cell nanodevice, in accordance with an
embodiment of the present invention.

FIG. 7d 1s another representative geometry for matenals
within the solar cell nanodevice, in accordance with an
embodiment of the present invention.

FIG. 8 15 a representative geometry for materials within a
capacitor nanodevice, 1n accordance with an embodiment of
the present invention.

FIG. 9 1s a schematic view of multiple lateral two-terminal
nanotube devices configured for contacts and wiring into
multiple arrays of nanotube devices, 1n accordance with an
embodiment of the present invention.

FIG. 10 1s an integrated system combining energy capture
and storage functionalities coupled to power management
circuitry to achieve amultifunctional energy system, in accor-
dance with an embodiment of the present invention.

FIGS. 11a-11i are steps of a process lfor creating lateral
two-terminal nanotube devices, 1n accordance with an
embodiment of the present invention.

PR.

(L]
=T

ERRED

DETAILED DESCRIPTION OF THE
EMBODIMENTS

Retference will now be made 1n detail to the preferred
embodiments of the present invention, examples of which are
illustrated 1n the accompanying drawings.

Certain embodiments of the present invention provide an
apparatus, system, and method for lateral two-terminal nano-
tube devices formed within lateral anodic oxide nanopores.
Furthermore, certain embodiments of the present invention
provide an apparatus, system, and method for a process for
fabricating lateral two-terminal nanotube devices, whereby
the lateral two-terminal nanotube devices 1n a single layer can
be connected 1n parallel or on top of one another using con-
ventional micro-fabrication techniques without need for
nanolithography. Accordingly, multiple layers of lateral two-
terminal nanotube devices can be created, achieving thin film
systems that can integrate energy capture and generation,
clectrical energy storage, and power management.
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While vertical nanopore devices are promising for a range
ol applications, the limitations of the vertical configuration
pose serious manufacturing problems and seem to preclude
scaling to higher performance and multifunctional device
systems. Recently it has been shown in H. G. Zhang, 7. Chen,
T. X. L1, F. J. Wang and K. Saitto, Journal of the Electrochemi-
cal Society, 154(2), H124-H126 (2007), that anodic alumi-
num oxide nanopores can be formed laterally from the edges
of an aluminum thin film passivated above and below. FI1G. 5a
1s a schematic view of conventional process for growing
lateral nanopores 1 anodic aluminum oxide. FIG. 56 1s a
scanning electron micrograph of the conventional process for
growing the lateral nanopores in the anodic aluminum oxide
illustrated 1n FIG. 5a. Depending on the thickness of the
aluminum {ilm, a single lateral row of nanopores or multiple
layers of nanopores can be created. However, the possibility
of combining atomic layer deposition and/or electrochemaical
deposition techniques to create functional devices within lat-
eral AAO nanopores has not been recognized 1n the prior art.

FIG. 6a 1s schematic view of a lateral two-terminal nano-
tube device, 1n accordance with an embodiment of the present
invention. As 1llustrated in FIG. 6a, a layer structure can be
tormed on substrate 1. Substrate 1 can be rigid or flexible and
include a rectangular patterned area and insulating thin film 2.
Active nanopore device layer 3 can be formed above msulat-
ing thin film 2 and below second 1nsulating thin film 4. Nan-
opore device layer 3 can include a plurality of nanopores 3
cach extending laterally through nanopore device layer 3.

Electrical access to exposed ends of the plurality of nan-
opores 3 can be achieved at first end 6 of nanopore device
layer 3 and at second end 7 of nanopore device layer 3.

FI1G. 65 15 an exploded view of a nanopore device layer of
the lateral two-terminal nanotube device, 1n accordance with
an embodiment of the present invention. As shown in region
8, nanopore device layer 3 can include an anodic oxide mate-
rial. The anodic oxide material can include anodic aluminum
oxide, titanium oxide, silicon, or a dielectric material. For
purposes of further description of the embodiments of the
present invention, AAO will be described. The AAO can
include a thickness 1n the range of 25 nm to 1 millimeter.

At least one nanopore 10 can be formed within the AAQ,
extending from first distal end 6 of nanopore device layer 3 to
second distal end 7 of nanopore device layer 3. Each nanopore
10 can have a diameter, a width, and/or a thickness 1n the
range of 5-1000 nm, and more preferably in the range of
15-300 nm. Each nanopore 10 can be formed of materials
selected for their ability to capture, generate or store electrical
energy, as will be discussed below.

As will be 1llustrated in FIGS. 7-11, a first material can be
disposed within each nanopore 10, filling first distal end 6 of
nanopore 10, and gradiently decreasing towards second distal
end 7 of the nanopore 10 along the inner walls of nanopore 10.
Further, a second material can be disposed within each nan-
opore 10, filling second distal end 7 of the nanopore 10, and
gradiently decreasing towards first distal end 6 of the nanop-
ore 10 within the first matenal. Accordingly, the first material
and the second material can be concentrically disposed within
cach nanopore 10. Further, electrical contacts can be con-
nected to the first and second material at first distal end 6 and
second distal end 7, respectively, of each nanopore 10.

FIGS. 7a and 7b are representative geometries for materi-
als within a solar cell nanodevice, in accordance with
embodiments of the present invention. As illustrated in FIGS.
7a and 7b, a solar cell nanodevice can include a nanopore
tformed within the AAO, whereby the nanopore can extend
from a first distal end of the AAO to a second distal end of the
AAQO. The nanopore can include first material 1, filling the
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first distal end of the nanopore, and gradiently decreasing
towards the second distal end of the nanopore along the inner
walls of the nanopore. In a solar cell nanodevice, first material
1 can be a n-type semiconductor material. The nanopore can
further include second material 2, filling the second distal end
of the nanopore, and gradiently decreasing towards the first
distal end of the nanopore within the first material. In the solar
cell nanodevice, second material 2 can be a p-type semicon-
ductor material.

FIG. 7¢ 1s another representative geometry for matenals
within the solar cell nanodevice, in accordance with an
embodiment of the present invention. As illustrated 1n FIG.
7c, at least one nanopore can be formed within AAO 3,
whereby each nanopore can extend from one distal end of
AAO 3 to the other distal end of AAO 3. As previously
discussed for FIGS. 7a and 75, the nanopore can include first
material 4, filling the first distal end of the at least one nan-
opore, and gradiently decreasing towards the second distal
end of the at least one nanopore along the inner walls of the at
least one nanopore. In a solar cell nanodevice, first material 4
can be a n-type semiconductor material. The nanopore can
turther include second material 5, filling the second distal end
of each nanopore, and gradiently decreasing towards the first
distal end of the nanopore within the first material. In the solar
cell nanodevice, second material 5 an be a p-type semicon-
ductor material. Electrical contacts 6, 7 can be connected to
the exposed ends of the first and second material at the distal
ends of the nanopore to form a lateral two-terminal solar cell
nanotube device within the AAO nanopore.

FIG. 7d 1s another representative geometry for matenals
within the solar cell nanodevice, in accordance with an
embodiment of the present invention. As illustrated 1n FIG.
7d, afirst conducting layer 9 can be disposed on an outer layer
of first material 4. Further, a second conducting layer 10 can
be disposed within second material 5.

Further, depletion region 8 can be formed at the interface
between n-type semiconductor material 4 and p-type semi-
conductor material 5, producing an internal electrical field for
separating charges created by light absorption. In the lateral
two-terminal nanotube device according to embodiments
illustrated 1n FIGS. 7a, 75, 7c, and 7d the volume of depletion
region 8 can extend along a significant portion of the nanop-
ore, for example, at least 25% of a length of the nanopore.
Further, the at least one nanopore can constitute a significant
portion of the total volume of the thin film structure 1llustrated
in FIG. 6. These characteristics can result from the combina-
tion of materials formed at the nanoscale level for producing
maximum active volumes for light absorption and charge
separation. Accordingly, certain embodiments of the present
invention can produce a favorable energy capture per unit
volume and per unit weight 1n solar cell devices.

A sitmilar arrangement can be provided, as described above
and illustrated in FIGS. 7a, 7b, Tc, and 7d, whereby the lateral
two-terminal nanotube device 1s a light emitting diode or a
laser.

FIG. 8 1s a representative geometry for materials within a
capacitor nanodevice, in accordance with an embodiment of
the present invention. As illustrated in FIG. 8, the capacitor
nanodevice can mclude at least one nanopore formed within
AAQO 3, whereby each nanopore can extend from one distal
end of AAO 3 to the other distal end o AAO 3. Each nanopore
can 1nclude first material 4, as an outer electrode, filling the
first distal end of the nanopore, and gradiently decreasing
towards the second distal end of the nanopore along the inner
walls of the nanopore. Each nanopore can further include
second material 5, as an inner electrode, filling the second
distal end of each nanopore, and gradiently decreasing
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towards the first distal end of the nanopore within the first
material. Electrical contacts 6, 7 can be connected to the
exposed ends of the first and second material at the distal ends
of the nanopore to form a lateral two-terminal capacitor nano-
tube device within the AAO nanopore.

The outer electrode of first material 4 and the 1nner elec-
trode of second material 5 can be separated by dielectric layer
8, producing an internal electrical field for separating charges
created by light absorption. In the lateral two-terminal nano-
tube device according to certain embodiments 1llustrated in
FIG. 8, the volume of dielectric layer 8 can extend along a
significant portion of the nanopore, for example, at least 25%
of a length of the nanopore. Further, the at least one nanopore
can constitute a significant portion of the total volume of the
thin film structure illustrated in FI1G. 6. These characteristics
can result from the combination of maternials formed at the
nanoscale level for producing maximum active volumes for
light absorption and charge separation. Accordingly, certain
embodiments of the present invention can produce a favor-
able energy capture per unit volume and per unit weight 1n
solar cell devices.

A similar arrangement can be provided, as described above
and 1llustrated 1n FIG. 8, whereby the lateral two-terminal
nanotube device 1s at least one of a battery or a supercapacitor.

As described above for FIGS. 7a, 7b, 7c, and 8, the AAO-
based, lateral two-terminal nanotube device can facilitate
wiring of multiple nanotube devices 1n parallel by electrical
contacts at the distal ends of each nanopore device. ALD, as
illustrated 1n FIG. 2, and ECD, as 1llustrated in FI1G. 4, can be
used to deposit nanoscale matenal layers for the geometries
of the AAO-based, lateral two-terminal nanotube devices.
Furthermore, the ability of ALD to control the penetration of
conformal films 1nto the nanopores 1s promising for tailoring
the thickness profiles of the AAO-based, lateral two-terminal
nanotube devices illustrated 1n FIGS. 7a, 75, 7c, and 8.

FI1G. 9 15 a schematic view of multiple lateral two-terminal
nanotube devices configured for contacts and wiring into
multiple arrays of nanotube devices, 1n accordance with an
embodiment of the present invention. An 1ndividual lateral
two-terminal nanotube device 1, encased in AAO (not
shown), can be located below 1nsulating layer 2 and electri-
cally coupled with conducting elements 3 and 4, whereby
conducting elements 3 and 4 electrically couple multiple
lateral two-terminal nanotube devices together. Because each
lateral two-terminal nanotube device can include two termi-
nals, an array of identical lateral two-terminal nanotube
devices can be designed so that each conducting element 3
and 4 can electrically coupled to the same material or same
functional end of the lateral two-terminal nanotube device.
For example, conducting element 3 can contact the n-type
semiconductor material ends of each solar cell nanotube
device, while conducting element 4 can contact the p-type
semiconductor material ends of each solar cell nanotube
device. For example, as illustrated in FI1G. 9, the sequence of
materials can include conducting element 3, n-type material,
p-type material, conducting element 4, p-type material,
n-type material, conducting element 3, efc.

An architecture of multiple lateral two-terminal nanotube
devices, as 1llustrated 1in FIG. 9, can be compatible with
stacking each lateral two-terminal nanotube device one ontop
ol another.

FIG. 10 15 an integrated system combining energy capture
and storage functionalities coupled to power management
circuitry to achieve amultifunctional energy system, in accor-
dance with an embodiment of the present invention. As 1llus-
trated 1n FIG. 10, lateral two-terminal nanopore capacitor 2
can be formed on substrate 1 with a second-level lateral
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two-terminal nanopore capacitor 3 formed directly above it.
Substrate 1 can include a rectangular patterned area. Electri-
cal contacts 6 electrically couple electrodes in lateral two-
terminal nanopore capacitors 2 and 3 1n parallel with one
another to enhance the capacitance and energy storage avail-
able 1n the thin film structure.

[Lateral two-terminal nanotube solar cells 4, 5 can be fur-
ther located above lateral two-terminal nanopore capacitors
2, 3. By choosing a different set of materials, 1.e. different set
of matenals selected for the first material and the second
material within the nanopore, different portions of the optical
spectrum may be emphasized 1n collecting energy by two
lateral two-terminal nanotube solar cells 4, 5, for example, a
long wavelength radiation at solar cell 4 and a shot wave-
length radiation at solar cell 5. Because their output voltages
may be different, electrical contacts 7 to solar cell 4 and
clectrical contacts 8 to solar cell 5 can be wired separately,
although 1n certain embodiments of the present mvention,
they can be wired 1n parallel.

The voltages involved in portions of the system illustrated
in FI1G. 10 can be different and time-dependent, for example,
from different outputs of the solar cells and the time variation
of radiation. To manage energy capture and distribution eifi-
ciently, additional circuitry may be needed to manage energy
and power transier between the various devices and loads.
This 1s suggested by the connection of electrical contacts 6, 7,
and 8 1n FIG. 10 to power management circuitry. Such power
management circuitry can be realized in the form of thin film
transistor circuits, which are compatible with the thin film
structures 1n which the lateral two-terminal nanopore devices
are made. Such circuitry can be produced as yet another layer
of thin film maicrostructures, or laterally separated from the
energy capture and storage devices shown 1n FIG. 10.

FIGS. 11a-11i are steps of a process for creating lateral
two-terminal nanotube devices, 1n accordance with an
embodiment of the present invention.

In FIG. 11a, the process can include depositing lower
passivation dielectric 2, aluminum film 3, and upper passiva-
tion dielectric 4 on substrate 1. The passivation dielectrics
permit electrical 1solation of aluminum film 3 and prevent an
clectrochemical reaction of aluminum film 3 from occurring,
except where purposely exposed to activate the lateral anod-
1zation process. Accordingly, when substrate 1 1s an insulat-
ing substrate, then lower passivation dielectric 2 may be
optional. Furthermore, lower passivation dielectric 2, alumi-
num {ilm 3, and upper passivation dielectric 4 can be pat-
terned. In FIG. 115, the process can include lithographically
defining trenches 3 and etching through aluminum film 3 and
upper passivation dielectric 4 to expose the ends of aluminum
film 3. In FIG. 11¢, the process may include electrochemi-
cally anodizing, or oxidizing, aluminum {ilm 3 at the exposed
ends of aluminum film 3 to form AAO matenial 6, whereby
AAO material 6 extends part way into aluminum {film 3.
Further, the electrochemical anodization, or oxidation, of
aluminum film 3 creates lateral nanopores 7 in AAO material
6. Lateral nanopores 7 can be open to trenches 5. Contact can
be made to aluminum layer 8 at other locations separated
from the lateral two-terminal nanopore devices shown so that
the electrochemical reaction can continue to produce AAO
material 6 and nanopores 7, while retaining the electrical
connection to aluminum layer 8 of AAO material 6 and nan-
opore regions during their formation.

It will be recognized by one of ordinary skill 1n the art that
other variants of steps (a), (b), and (¢) can be substituted, as
illustrated by the following examples. Numerous choices
exist as locations for the remote electrical contact to alumi-
num film 3 for electrochemical anodization. Metals other than
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aluminum may also be suitable for anodization and for for-
mation of nanopores 1n the dielectric matenal. Trench etching
can be accomplished by dry or wet etching. The passivation
dielectrics can be chosen from a variety of materials and
processes. For example, upper passivation dielectric 4 can be
AAQO under conditions that do not form nanopores, since
growth of AAO with and without nanopores can achieve
similar adhesion and stability regarding materials mis-
matched at their interface.

As shown 1 FIG. 114, with first set of trenches 5 having
been patterned to expose a first distal end of lateral nanopores
7 1n lateral AAO material 6, the process may 1nclude using
precursor molecules 9 for atomic layer deposition to deposit
first material 10 into the open distal end of each nanopore 7,
whereby first material 10 fills the first distal end of lateral
nanopore 7, gradiently decreasing towards a second, opposite
distal end of the lateral nanopore 7 along inner walls of the
lateral nanopore 7. In FIG. 11e, the process may include
applying photoresist or other blocking layers 11 and pattern-
ing to {ill first trenches 5 to protect the first distal end of each
nanopore 7. This patterned layer can be used additionally to
define regions 12 for removing materials to expose the sec-
ond, opposite distal end of each nanopore 7. In FIG. 1 11, the
process may include using the photoresist or blocking layer 11
in an etching process to remove portions of upper passivation
dielectric layer 4, aluminum layer 8, and AAO material 6,
thereby exposing the second distal end of each nanopore 7 in
a second set of trenches 14.

In FIG. 11g, the process can include a second deposition of
materials 15 to introduce a second material 16 into the second
distal end of each nanopore 7 within AAO material 6. Second
material 16 1s deposited into the second, opposite distal end of
cach nanopore 7, gradiently decreasing towards the first distal
end within first material 10. This occurs primarily at the
nanopore end opposite the first distal end, as illustrated in
FIG. 11d. Accordingly, first material 10 and the second mate-
rial 16 can be concentrically disposed within each nanopore
7. In certain embodiments of the present invention, the first
and second materials 10, 16 each include specific material
types to create a specific lateral two-terminal nanopore
device, such as a solar cell, diode, capacitor, battery, or a
supercapacitor. In FIG. 1174, the process can include remov-
ing photoresist layer 11, vielding first and second set of
trenches 5, 14 that provide physical and electrical access to
distal ends of each nanopore 7 filled with first and second
materials 10, 16, spatially disposed near distal ends of each
nanopore 7. Finally, in FIG. 11i, the process can include
filling first and second trenches 5, 14 with metal to form
contacts and wiring 17, 18. Wiring 17 contacts {irst material
10 on both sides and along the row of first distal ends of each
nanopore 7, while wiring 18 contacts second material 16 on
both sides and along the row of second distal ends of each
nanopore 7.

This process sequence can result 1n lateral two-terminal
nanopore or nanotube devices wired 1n alternating parallel
rows. One of ordinary skill in the art would recognize that a
number of modifications can be made to this process. For
example, after removing photoresist layer 11 1n FIG. 11g, 1t
can be beneficial to replace photoresist layer 11 by a photo-
resist layer having wider trench dimensions, so that the etch-
ing process will remove any sidewall deposits before con-
struction ol contacts and wiring. A number of steps are
needed to produce the final contacts and wiring, with several
options for the sequence needed. Either the first or second
material 10, 16 can be replaced with two or more materials to
achieve different device behavior and performance. For
example different materials can be used to create a solar cell
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device, as 1llustrated in FI1G. 7, and different materials can be
used to create a capacitor device, as 1llustrated in FIG. 8.

While high conformality and control of ALD makes it
attractive for forming first and second materials 10, 16 in the
AAQO nanopores, other processes, such as ECD, CVD, and
sol-gel processes can be useful for some of the process steps
to introduce materials into the nanopores 7. As another
example, there may be advantages to opening both sets of
trenches 5, 14 before alternately blocking one end and depos-
iting 1n the other end of the nanopores for each material.

The choice of materials and deposition processes can
depend significantly on the device type to be created. For the
lateral two-terminal nanotube solar cell device, as shown 1n
FIG. 7, ALD 1s a preferred deposition process for introducing
first material 4 1n order to achieve uniform deposition within
the nanopore and further to assure that first material 4 termi-
nates before it reaches the other distal end of the nanopore,
thereby defining a first material 4 contact at only one distal
end of the lateral two-terminal nanotube solar cell device. In
FIG. 7, the profile of n-type semiconductor material 4 1s most
suitable for using ALD to deposit first material 4. In contrast,
ALD or possibly electrochemical vapor deposition (ECD),
chemical vapor deposition (CVD), or sol-gel processes can be
considered for second material 5, the p-type semiconductor
material, because deep filling 1s needed for second matenial 3,
but with less demand on profile control. Profiles of the two
maternials, as shown schematically in FIGS. 7a, 7b, and 7c,
indicate a long interface along the nanopore where depletion
region 8 exists. The existence of a long depletion region 8
provides a major benefit for efficient solar energy capture and
charge separation, whereby the length of the depletion region
8 15 preferably at least 25% of the length of AAO material 6.

One of ordinary skill in the art will recognize various
alternatives to this embodiment. Various electron donor and
acceptor materials can be chosen for the first and second
semiconductor materials. Either donor or acceptor material,
or n-type or p-type semiconductor material, can be chosen as
the first material, to be deposited by ALD as a first material in
a first distal end of each nanopore. Semiconducting materials
can be, for example, zinc oxide (ZnQO) (either n-type or
p-type), titanium oxide (T10,) (n-type), copper oxide-nickel
oxide (Cu,O—Ni10) (p-type).

While FIG. 7 1llustrates only a single material available for
clectrical contact at each distal end of a lateral two-terminal
nanotube device, this limitation may not be essential. For
example, 11 the matenial profiles produce two materials 1n
contact with wiring at a distal end of the lateral two-terminal
nanotube device, the work function of electrical metal con-
tacts 6 or 7, as illustrated 1n FIG. 7¢, can produce Schottky
barriers that are essentially ohmic to one material and block-
ing contacts to the other material, essentially circumventing
the need to fabricate lateral two-terminal nanotube devices
with only one material at each distal end.

For the lateral two-terminal nanotube capacitor device
illustrated 1in FI1G. 8, first and second materials 4, 5, which are
contacted at the distal ends by electrical contacts 6, 7 of the
lateral two-terminal nanotube, can function as two conduct-
ing electrodes 1n an energy storage capacitor, separated by a
thin dielectric layer 8 to insulate them from each other. Thus,
at least one additional material can be deposited or grown 1n
the nanopores. According to certain embodiments of the
present mvention, ALD 1s used for its ability to control the
thickness of very thin layers even 1n very high aspect ratio
structures. Furthermore, high dielectric constant (high-K)
dielectric matenals, such as HIO,, ZrO,, are amenable to
ALD processes, offering higher capacitance density. Since
the two conducting electrodes can be electrical contacts at
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opposite ends of the lateral two-terminal nanotube device, 1t 1s
important to achieve material profiles that ensure that only
one of the conducting materials 1s present at the electrical
contact regions at the distal ends of each nanopore. This
turther supports the use of ALD to achieve controlled termi-
nation of first material 4 deep 1n the nanopore from the first
distal end, but not penetrating to the second distal end. A
modified ALD process, CVD, ECD, or sol-gel process can be
used to close the nanopore at the first end, thereby assuring
that electrical contact 7 at the first distal end can only be made
of first material 4.

Dielectric layer 8 1s preferably introduced from the second
distal end using ALD, though other methods can also be used.
Thermal oxidation 1s another option, though typically this
involves considerably higher temperatures and other etfects
compared with the low temperatures requirements of ALD.
The second material 5 of the mner electrode having a con-
ducting material can then be mtroduced at the second distal
end by ALD, ECD, CVD, sol-gel process, or other similar
process.

Materials for the outer electrode of first material 4 and the
inner electrode of second material 5 can be electrically con-
ducting so that they can transport charge to and from their
surfaces, storing it particularly at their interfaces with the
dielectric layer 8 to achieve high power and energy density.
Maternals for the electrodes can include metals such as alu-
minum (Al), copper (Cu), tungsten (W), binary compounds,
such as titanium nickel (TiN) or tungsten nickel (WN), or
more complex materials, such as indium tin oxide (ITO). The
materials for the outer electrode of first material 4 and the
iner electrode of second material S may be different or the
same. The maternal dielectric layer 8 can be aluminum oxide
(AL,O,) or a high-K dielectric, silicon dioxide (S10,), or
other insulating materials. For the dielectric layer 8, the mate-
rial preferably has properties including high conformality,
low leakage current, high breakdown field, and high dielectric
constant.

While the above description relates specifically to conduct-
ing electrodes that store charge at their surfaces, it 1s noted
that other materials may be employed to create lateral two-
terminal nanotube devices that function as electrochemical
supercapacitors. Electrochemical supercapacitors store
charge within the electrode matenals, for example, manga-
nese oxide (MnQO, ), and at their surfaces, employing electro-
lytes as the dielectric layer 8, for example, solid electrolytes).

It 1s noted that the final structure depicted 1n FIG. 11i1s a
complete layer of lateral two terminal nanotube devices that
can serve either for energy capture or energy storage. The
sequence of steps in FIGS. 11a-11i can then be repeated to
form a second active layer of lateral two-terminal nanotube
devices on top of the first with electrical contacts for the
device layers appropriately connected to achieve integrated
energy systems as 1llustrated 1n FIG. 10. Thin film transistor
circuitry can also be fabricated compatible with the processes
and sequences described for certain embodiments of the
present invention, enabling management of power between
different lateral two-terminal nanotube device layers or
including other types of thin film devices. Optimization of
such energy systems may also include distributing different
lateral two-terminal nanotube device hierarchies at different
locations on a spatially extended substrate, such as a flat
panel.

It 1s to be understood that 1n the embodiment of the present
invention, the steps are performed 1n the sequence and man-
ner as shown although the order of some steps and the like can
be changed without departing from the spirit and scope of the
present invention. In addition, the process sequence described
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in FIGS. 11a-11i can be repeated as many times as needed.
Variations of the process sequence described in FIGS. 11a-
11; can also use different materials and processes.

The many features of the invention are apparent from the
detailed specification and, thus, 1t 1s intended by the appended
claims to cover all such features of the invention which fall
within the true spirit and scope of the invention. Further, since
numerous modifications and changes will readily occur to
those skilled 1n the art, 1t 1s not desired to limit the invention
to the exact construction and operation illustrated and
described, and accordingly all suitable modifications and
equivalents can be resorted to, falling within the scope of the
ivention.

We claim:

1. A lateral nanotube device, comprising:

a substrate;

an anodic oxide material disposed on the substrate;

a column disposed 1n the anodic oxide material, wherein a
length of the column 1s parallel to the substrate, extend-
ing from one distal end of the anodic oxide matenal to
another end of the anodic oxide matenal:;

a first material disposed within the column; and

a second material disposed within the column,

wherein the first material fills a distal end of the column and
gradiently decreases towards another distal end of the
column along inner walls of the column, and

wherein the second material fills the another distal end of
the column and gradiently decreases towards the distal
end of the column within the first material.

2. The lateral nanotube device of claim 1, wherein the first
material 1s exposed at the distal end of the column, and
wherein the second material 1s exposed at the another distal
end of the column.

3. The lateral nanotube device of claim 1, wherein the first
material and the second material are concentrically disposed
within the column.

4. The lateral nanotube device of claim 1, wherein one of
the first material and the second material comprises an elec-
tron donating material, and wherein the other of the first
material and the second material comprises an electron
accepting material.

5. The lateral nanotube device of claim 1, wherein the first
maternial and the second material overlap at least 25% of a
length of the column.

6. The lateral nanotube device of claim 1, further compris-
ng:

a {irst wiring structure operatively connected to an exposed

end of the first material; and

a second wiring structure operatively connected to an
exposed end of the second material.

7. The lateral nanotube device of claim 1, wherein the
column comprises at least one of a diameter, a width, or a
thickness 1n a range of 5-3000 nm.

8. The lateral nanotube device of claim 1, wherein the
anodic oxide maternial 1s selected from the group consisting of
aluminum oxide, titantum oxide, silicon, or a dielectric mate-
rial.

9. The lateral nanotube device of claim 1, wherein the
lateral nanotube device comprises one of a solar cell, a light
emitting diode, or a laser.

10. The lateral nanotube device of claim 1, wherein the
lateral nanotube device comprises a diode.

11. The lateral nanotube device of claim 1, wherein the
substrate 1s rigid or flexible.

12. The lateral nanotube device of claim 1, further com-
prising:
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a conductive layer disposed on an outer surface of the first
material.

13. The lateral nanotube device of claim 1, further com-

prising;:

a conductive layer disposed within the second material.

14. The lateral nanotube device of claim 1, further com-
prising:

a {irst conductive layer disposed on an outer surface of the

first material; and

a second conductive layer disposed within the second
material.

15. The lateral nanotube device of claim 14, wherein the
first conductive layer and the second conductive layer each
comprise a material selected from the group consisting of a
metal, wherein the metal comprises at least one of aluminum,
copper, titantum, or a conducting compound, wherein the
conducting compound comprises indium-tin-oxide.

16. The lateral nanotube device of claim 1, wherein one of
the first material and the second material comprises an n-type
semiconductor material, and wherein the other of the first
material and the second material comprises a p-type semicon-
ductor materal.

17. The lateral nanotube device of claim 1, wherein the
anodic oxide material comprises a rectangular patterned area
disposed on the substrate.

18. The lateral nanotube device of claim 1, wherein a
thickness of the anodic oxide material 1s 1n a range of 25 nm
to 1 millimeter.

19. A lateral nanotube device, comprising:

a substrate;

an anodic oxide material disposed on the substrate;

a plurality of columns, each column disposed in the anodic
oxide material wherein a length of the columns 1s paral-
lel to the substrate, extending from a distal end of the
anodic oxide material to another distal end of the anodic
oxide material;

a first material disposed within each column; and

a second material disposed within each column,

wherein the first material fills a distal end of each column
and gradiently decreases towards another distal end of
cach column along inner walls of each column, and

wherein the second matenal fills the another distal end of
cach column and gradiently decreases towards the distal
end of each column within the first material.

20. A lateral nanotube device, comprising:

a substrate;

an anodic oxide material disposed on the substrate;

a column disposed 1n the anodic oxide material, wherein a
length of the column 1s parallel to the substrate, extend-
ing from one distal end of the anodic oxide material to
another end of the anodic oxide matenal;

a first material disposed within the column;

a second material disposed within the column; and

a third matenal disposed between the first material and the
second material,

wherein the first material fills a distal end of the column and
gradiently decreases towards another distal end of the
column along inner walls of the column, and
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wherein the second material fills the another distal end of
the column and gradiently decreases towards the distal
end of the column within the first material.

21. The lateral nanotube device of claim 20, wherein the

5 third material comprises an electrical insulator.
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22. The lateral nanotube device of claim 20, wherein the
lateral nanotube device comprises an electrostatic capacitor.

23. The lateral nanotube device of claim 20, wherein the
lateral nanotube device comprises one of an electrostatic
capacitor, a battery, or a supercapacitor.

24. The lateral nanotube device of claim 20, wherein the
first material and the second material are electrically conduct-
ng.

25. A system, comprising;:

a plurality of lateral nanotube devices configured one on

top of each other,

wherein each lateral nanotube device comprises:

a substrate;

an anodic oxide material disposed on the substrate;

a column disposed 1n the anodic oxide material, wherein a
length of the column 1s parallel to the substrate, extend-
ing from one distal end of the anodic oxide matenal to
another end of the anodic oxide matenial:

a first material disposed within the column; and

a second material disposed within the column;

wherein the first material fills a distal end of the column and
gradiently decreases towards another distal end of the
column along inner walls of the column, and

wherein the second material fills the another distal end of
the column and gradiently decreases towards the distal
end of the column within the first material.

26. A system, comprising:

a plurality of lateral nanotube devices configured one on
top of each other,

wherein each lateral nanotube device comprises:

a substrate;:

an anodic oxide material disposed on the substrate;

a column disposed 1n the anodic oxide material, wherein
a length of the column 1s parallel to the substrate,
extending from one distal end of the anodic oxide
material to another end of the anodic oxide material;

a first material disposed within the column;

a second material disposed within the column; and

a third material disposed between the first material and
the second material,

wherein the first material fills a distal end of the column
and gradiently decreases towards another distal end of
the column along inner walls of the column, and

wherein the second material fills the another distal end
of the column and gradiently decreases towards the
distal end of the column within the first material.

277. The system of claim 23, wherein the plurality of lateral
nanotube devices are wired 1n parallel.

28. The system of claim 25, wherein at least two of the
lateral nanotube devices comprises a different material set for
the second material and the third material within the column.
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